Many organisms live in complex environments that vary geographically in resource availability. This environmental heterogeneity can lead to changes within species in their phenotypic traits. For example, in many herbivorous insects, variation in host plant availability has been shown to influence insect host preference behavior. This behavior can be mediated in part through the insect olfactory system and the odor-evoked responses of olfactory sensory neurons (OSNs), which are in turn mediated by their corresponding odorant receptor genes. The desert dwelling fly Drosophila mojavensis is a model species for understanding the mechanisms underlying host preference in a heterogeneous environment. Depending on geographic region, one to multiple host plant species are available. Here, we conducted electrophysiological studies and found variation in responses of ORNs to host plant volatiles both within and between 2 populations-particularly to the odorant 4-methylphenol. Flies from select localities within each population were found to lack a response to 4-methylphenol. Experiments then assessed the extent to which these electrophysiological differences were associated with differences in several odor-mediated behavioral responses. No association between the presence/absence of these odor-evoked responses and short range olfactory behavior or oviposition behavior was observed. However, differences in odor-induced feeding behavior in response to 4-methylphenol were found. Localities that exhibit an odor-evoked response to the odorant had increased feeding behavior in the presence of the odorant. This study sets the stage for future work examining the functional genetics underlying variation in odor perception.
Animals often live in complex environments that vary in elements, such as temperature, habitat structure, and resource availability. This environmental heterogeneity can lead to changes within species in animals' phenotypic traits, such as diet, oviposition preference, coloration, and diapause timing, and potentially result in divergence among populations (Hoekstra et al. 2004; Schmidt et al. 2005; McLean and Stuart-Fox 2014) . For instance, heterogeneity in resources, such as differences in plant availability, can affect the insects that rely on them. Indeed, differences in plant abundance or the diversity of potential plant resources within an insect species' range may influence their breadth of plant use or result in certain insects shifting their preference from one plant to another in different parts of their range. Such factors could also alter insect abilities of discrimination so as to identify their preferred hosts amongst the larger suite of stimuli. Regardless of the nature of the plant variability, there is mounting evidence that differences in stimuli produced by plants, in the form of volatile chemical compounds, may result in differences in insect olfactory sensitivity and selectivity, such as differences in the peripheral neurophysiological mechanisms contributing to behavior (Linn et al. 2004; Dekker et al. 2006; Olsson et al. 2006; Ibba et al. 2010; Linz et al. 2013; Suinyuy et al. 2015) .
These compounds are detected through the insect olfactory system, the details of which are well known, in good part from research on Drosophila. The Drosophila olfactory system is composed of 2 pairs of olfactory organs, the antennae and maxillary palps (Vosshall and Stocker 2007) . Both organs have been shown to be important in mediating various aspects of odor-mediated behavior (Stensmyr et al. 2012; Dweck et al. 2013; Dweck et al. 2016; Mansourian et al. 2016) . Because of its close physical proximity to the proboscis, the maxillary palp has also been hypothesized to be involved in odor-induced taste perception (Shiraiwa 2008) and has been shown to detect a proxy for the presence of dietary antioxidants (Dweck et al. 2015) . These organs are covered in sensilla that contain the dendrites of stereotypical combinations of 2-4 olfactory sensory neurons (OSNs; Shanbhag et al. 1999) . OSNs expressing a single odorant receptor (OR) from a large OR gene family, referred to as olfactory receptor neurons (ORNs), which vary in their breadth of responses to chemical compounds, a response conferred by the OR expressed de Bruyne et al. 1999; Vosshall et al. 1999; Hallem et al. 2004; Couto et al. 2005; Goldman et al. 2005; Hallem and Carlson 2006) .
In the genus Drosophila, species differ in their host plant use and in several cases their olfactory systems have diverged with shifts in their ecology. An examination of the olfactory system of Drosophila species revealed evidence of multimodal evolution of the OR gene family, including sequence variation and gene loss/duplication (Guo and Kim 2007) . Such differences can alter the odor-evoked response of the ORN to odorants and electrophysiology studies have been conducted to examine differences in ORN responses across species and represent a step toward understanding the genetic mechanisms underlying the evolution of host specialization (Stensmyr et al. 2003; de Bruyne et al. 2010) .
Within species, variation in host plant availability can also influence olfactory system evolution. Drosophila mojavensis is an insect that relies on plants-cactus-that are heterogeneous across its range. The fly is distributed in 4 geographically isolated populations, each feeding and breeding on a different cactus species (Etges and Heed 1987; Matzkin et al. 2006; Matzkin 2008; Pfeiler et al. 2009; Date et al. 2013) . The Baja California Mexico population utilizes agria cactus (Stenocereus gummosus) and became isolated from the mainland Mexico Sonora desert population, which uses organ pipe cactus (Stenocereus thurberi), with the rise of the Sea of Cortez (Etges and Heed 1987; Matzkin 2004; Reed et al. 2006; Smith et al. 2012) . The Mojave desert population uses barrel cactus (Ferocactus cylindraceus) and the population on Santa Catalina island uses prickly pear (Optunia spp.). These host cacti emit distinct volatile profiles used for host plant identification. For instance, Date et al. (2013) found that the headspace of agria cactus had similar numbers of ester and aromatic compounds while organ pipe cactus was enriched for esters and barrel cactus for aromatics.
The fly populations vary in the presence of these host plants across their ranges. The approximate range distributions of the major host plant cacti are illustrated in Figure 1 (Turner et al. 2005) . The latter 2 fly populations are not the subject of this study, as host plant availability does not vary in these populations. However, in the Baja California and mainland Sonora Mexico desert populations, one to multiple cactus host species are available depending on geographic region. Agria is restricted to Baja, small islands in the Sea of Cortez, and a small area on the coast of Sonora in mainland Mexico, and organ pipe cactus is present in the southern regions of Baja as well as on the mainland. Moreover, for both these populations, barrel cactus extends into their northern regions. Thus, these populations provide an opportunity to examine the importance of this environmental heterogeneity to differences in insect olfactory sensitivity and selectivity.
In D. mojavensis, Date et al. (2013) characterized the overall response profiles of the olfactory organs and found differences in electroantennogram and electropalpogram responses of the 4 populations, specifically the Mojave population. The Mojave population which uses barrel cactus has reduced responses to esters in the antenna and increased responses to the aromatic compound, 4-ethylguaiacol, in the palp (Date et al. 2013) . Crowley-Gall et al. (2016) further characterized the odor response profiles for the Mojave and Santa Catalina Island populations by examining odor-evoked ORN responses to host specific volatiles. This study also found an increase in sensitivity to aromatics in the Mojave population across several ORNs on the antenna and the palp.
However, the olfactory responses of the Baja California and mainland Sonora Mexico populations (herein referred to as Baja and Sonora), in which host plant availability varies, have yet to be elucidated. Here, we examine within and between population variation in olfactory neuron response across the geographic range of Baja and Sonora to host plant volatiles. Specifically, we measured the response of ORNs of the maxillary palp of flies from multiple localities in each population to a suite of odorants emitted during host cactus fermentation. We hypothesized that localities that differ in host cactus composition would differ in their neurophysiological responses. Moreover, we hypothesized that neurophysiological differences would be associated with differences in behavior. Specifically, the maxillary palp has been associated with behaviors such as odor-induced feeding, oviposition preference, and short-and long-range attraction (Shiraiwa 2008; Dweck et al. 2013; Dweck et al. 2015; Dweck et al. 2016; Mansourian et al. 2016; Brown et al. 2017) . For instance, 4-methylphenol has been shown in Drosophila melanogaster to affect oviposition and feeding behaviors (Shiraiwa 2008; Mansourian et al. 2016; Brown et al. 2017) . Therefore, based on these studies we conducted behavioral assays to examine whether differences in ORN responses are associated with these maxillary palp associated behaviors to further understand the role that peripheral neurophysiological detection plays in insect host choice in the framework of environmental heterogeneity. Our study sets the stage for future work examining the functional genetics of odor perception. 
Materials and Methods

Drosophila Stocks
Single Sensillum Recordings
Single sensillum recordings (SSRs) for the maxillary palp were conducted as described in de Bruyne et al. (1999) and Crowley-Gall et al. (2016) . Olfactory sensilla were viewed under a compound light microscope and a sharpened tungsten electrode was inserted into the base of the sensillum while a reference electrode was inserted into the eye. Chemical compounds were obtained at the highest level of purity from Sigma-Aldrich (St. Louis, MO). Compounds consist of volatiles emitted from cactus species. Compounds were chosen if they have been found in early stages of cactus fermentation (stages attractive to flies ; Downing 1985; Date et al. 2013 ) and/or as major components found in laboratory and field studies to be present in fermenting cactus species (Date et al. 2013; Wright and Setzer 2013; Wright and Setzer 2014; Date et al. 2017) . Compounds selected included volatiles found in one or several cactus species (Date et al. 2013; Wright and Setzer 2013; Wright and Setzer 2014; Date et al. 2017) . A subset of the selected compounds also allow for the identification and differentiation among maxillary palp ORN subtypes based on response profiles previously established in D. melanogaster and other D. mojavensis populations (de Bruyne et al. 1999; Hallem et al. 2004; Hallem and Carlson 2006; Crowley-Gall et al. 2016) . Odorants were diluted (1%) in paraffin oil and delivered via a glass pipet into a continuous stream of humidified air in 0.5 s puffs at 30 s intervals. An IDAC4 and AUTOSPIKE software (Syntech, Buchenbach, Germany) were used to amplify, digitize, and record the signal. The number of action potentials was counted during 0.5-s pre-and post-stimulation intervals and the responses of individual neurons were taken as the difference between these. A minimum of 3-5 recordings were obtained for each neuronal subtype. Statistical analyses were conducted for all neuron-odorant combinations eliciting a response (>25 spikes/s) by running an ANOVA for each population (Baja and Sonora), and P-values were corrected for multiple testing by setting a false discovery rate at 0.05 (Benjamini and Hochberg 1995) . Differences between localities within a population were assessed using a Tukey-Kramer post hoc test. All analyses were done using JMP Pro 12 software (SAS Institute, Cary, NC).
Electroantennograms
Electroantennograms were conducted on flies from 2 Sonora localities (Organ Pipe National Monument and El Fuerte). Flies were restrained in pipette tips with their heads extending. A pulled glass electrode was placed on the surface of the antenna while another was inserted into the eye of the fly as a reference. Odor delivery and signal acquisition was performed in the same manner as described above. A minimum of 3 recordings were obtained for each locality.
Behavioral Tests
Olfactory behavior was measured in flies from 6 localities (Baja: San Quintin and La Paz; Sonora: Organ Pipe National Monument, Punta Onah, Tiburon Island, and El Fuerte) These localities were selected based on their different electrophysiological responses to 4-methylphenol, with responses observed for the San Quintin, Organ Pipe National Monument and Punta Onah populations. No electrophysiological responses to 4-methylphenol were found for the remaining 3 populations.
T-Maze Olfactometer
Flies were tested for behavioral responses to odor using a T-maze as described in Brown et al. (2013) . Specifically, 10 female flies (10-13 days old) were released from the center of an arena consisting of 2 arms. A constant air flow (500 mL/min) was delivered to each arm and flies were given a choice between either an arm containing the solvent control (paraffin oil) or an arm containing 1 of 4 concentrations of 4-methylphenol (0.001-1%). The movement of the flies was videotaped over a 1-min period. Twenty-four trials were conducted per locality and odorant concentration. Video files were analyzed using custom MATLAB code to determine the behavioral response index of the flies (MathWorks, Natick, MA; Brown et al. 2013) . Differences in response index among localities were assessed with an ANOVA followed by a Tukey-Kramer post hoc test. All analyses were done using JMP Pro 12 software.
Olfactory Trap Assay
Two experiments were conducted. First, flies were tested for their responses to different concentrations of 4-methylphenol (0.001-1%) relative to the solvent control. Second, flies were tested for their responses to 4-methylphenol in the presence of a neutral attractant by examining traps that contained apple juice (Apple and Eve) and 100 mg dry inactive yeast (Fleischmann's Yeast, ACH Food Companies, Inc., Oakbrook Terrace, IL) versus the same trap with either 0.1% or 1% 4-methylphenol. The 2-choice trap assay system was used as described in Date et al. (2013) . Briefly 2 traps were placed opposite one another in a 6 cm (H) × 15 cm (Ø) circular arena. Two milliliters of the appropriate testing solution or control was placed in each trap. A cotton ball saturated with water was placed in the arena as a source of water. Twenty females (10-13 days old) were released into the arena. The experiment examining behavioral responses to 4-methylphenol and solvent consisted of 20 replicates per locality and concentration. Ten replicates per locality and concentration were performed in experiments examining behavioral responses to 4-methylphenol in the presence of a neutral attractant (apple juice and yeast). Assays were performed in the dark and the number of flies in each trap was scored after 72 h. A response index was calculated as follows: (number of flies in the odor trap -number of flies in the control trap)/(total number of flies). Differences in response index between localities were analyzed using an ANOVA followed by a Tukey-Kramer post hoc test. All analyses were done using JMP Pro 12 software.
Proboscis Extension Response
Proboscis extension response (PER) was measured as described in Shiraiwa (2008) . Flies were starved for 48-80 h. Each fly was then restrained in a pipet tip with its head protruding. A series of sucrose solutions was presented to the fly proboscis at concentrations from 0.0625% to 2% with and without the presence of odorant. Responses to water as well as 4% sucrose were tested as controls to determine if the fly had been starved sufficiently to respond to sucrose, but had not been excessively starved to the point that it would respond to any stimulus. Tiburon Island was excluded from analysis because it did not robustly respond to the positive sucrose control. Sucrose solutions were made fresh daily. A minimum of 5 flies were tested for each population. For each population differences in response to each sucrose concentration in the presence of the odorant was analyzed using a Student's t-test using JMP Pro 12 software. P-values were corrected for multiple testing using a false discovery rate of 0.05 (Benjamini and Hochberg 1995) . Using the same methodology PER response to phenol was measured for a pb2 4MP+ (San Quintin) and a pb2 4MP− (La Paz) locality.
Oviposition
Two choice oviposition tests were performed, with similar methodology to Mansourian et al. (2016) . Thirty females (10-13 days) were placed in cages for 24 h on a 12:12 L/D cycle at 25 °C. At the bottom of the cage was a divided petri dish containing banana-cactus-agar food media with 0.2% FD&C blue dye (Spectrum Chemical, New Brunswick, NJ) to aid in the visualization of Drosophila eggs. Half of the dish contained 4-methylphenol presented in banana-cactusagar food media at 1 of 4 concentrations (0.001%-1%). After 24 h the number of eggs laid on the odor side and the control side were counted and an oviposition index was calculated as follows: (the number of eggs on the odor side − the number of eggs on the control side)/(total number of eggs laid). Trials with a minimum of 10 eggs laid were retained. A minimum of 10 trials per odorant concentration were conducted for each locality. Statistical analyses to assess differences between localities were conducted within each concentration using an ANOVA followed by a Tukey-Kramer post hoc test using JMP Pro 12 software.
Results
ORN Responses among Localities of 2 Populations
Given that host plant availability differs across the D. mojavensis range, we tested whether geographic variation in electrophysiological responses exists among localities within the Baja and Sonora populations. We hypothesized that localities that differ in host cactus composition would differ in their neurophysiological responses to cactus volatile cues. We recorded odor-evoked responses of the ORNs located within each of the 3 basiconic sensillar subtypes found on the fly maxillary palp (palp basiconic, pb1-3). Responses to chemical compounds, which have previously been found to be emitted during cactus fermentation and allow for identification of each maxillary palp sensillar subtype, were measured. For 2 of the 3 sensillar subtypes, pb1 and pb3, electrophysiological recordings revealed overall highly similar responses to volatiles within populations (Figures 2 and 3) . However, in the case of pb2 sensilla, withinpopulation variation in odorant specificity was found for the pb2B neuron to the odorant 4-methylphenol. The pb2B ORNs of the San Quintin locality in Baja responded to 4-methylphenol, while the remaining Baja localities did not, herein referred to as pb2 4MP+ and pb2 4MP− localities. In Sonora, the pb2B ORNs in all but 2 localities responded to 4-methylphenol, with the exceptions being Tiburon Island and El Fuerte. These pb2B responses appear to be quite specific, in that little to no differences in responses to another aromatic compound, phenol, were observed within and among populations.
Behavioral Responses among Localities to 4-methylphenol
In addition, to examining neurophysiological differences between localities we also hypothesized that these differences would be associated with differences in behavior. Due to the marked difference in response to 4-methylphenol among localities we chose to measure several behavioral traits and test whether electrophysiological differences in 4-methylphenol responses in the pb2 sensillum are associated with differences in odor-mediated behavior. (Shiraiwa 2008; Dweck et al. 2013; Dweck et al. 2015; Dweck et al. 2016; Mansourian et al. 2016; Brown et al. 2017) . We tested olfactory behavior using 2 different olfactory behavioral assay systems, the T-maze olfactometer and olfactory trap assay. These assays function across different time scales, from minutes to days, respectively, and odorant responses in different assays systems are known to vary (Dweck et al. 2016 ). In the T-maze olfactometer, flies typically exhibited little to mild attraction to 4-methylphenol relative to the solvent control, regardless of odorant concentration (Figure 4 ). In the olfactory trap assay, flies again showed little response to 4-methylphenol, with mild repulsion at high odorant concentration (Figure 5a ). Significant differences in olfactory behavior were observed among localities at the highest concentration, but as with the responses in the T-maze, differences in response did not conform to pb2 4MP+/− status. Given that in both assay systems behavioral responses were mild, and previous studies have shown that behavior can vary based on the context in which a chemical cue is presented (Günther et al. 2015) , we tested responses to 4-methylphenol within the context of an attractive odor source. To identify such a source, flies were given a choice between apple juice with and without yeast. All localities showed a preference for the former to varying degrees (Figure 5b) . We next presented 4-methylphenol within this context (apple juice + yeast). Overall, behavioral responses were more pronounced relative to the presentation of odorant alone (Figure 5a,c) . Flies were repulsed, with significant differences among localities at high odorant concentration, but irrespective of a locality's pb2 4MP+/− response. The robust repulsion to 4-methylphenol, however, suggested that additional ORNs on the antenna may respond to 4-methylphenol. Recordings from the antenna using electroantennograms revealed a response to the odorant, a result consistent with this hypothesis (Supplementary  Figure 1) .
In D. melanogaster, the maxillary palp has been implicated in mediating oviposition preference Mansourian et al. 2016 ). We examined the extent to which 4-methylphenol influenced oviposition preference by presenting flies with food media with and without 4-methylphenol and recording the number of eggs laid. Oviposition preference varied by concentration, with oviposition site attraction to media with low odorant concentrations and aversion at increased concentrations ( Figure 6 ). Significant differences among localities were observed, particularly at the lowest concentration. However, no clear association with a locality's pb2 4MP+/− response was found. Finally, the maxillary palp has been implicated in odor-induced taste/feeding behavior (Shiraiwa 2008; Dweck et al. 2015; Brown et al. 2017 ). We measured PER to sucrose with and without the presence of 4-methylphenol. Across all tested localities, flies exhibited increased PER with increased sucrose concentration. In the presence of 4-methylphenol, however, this effect on PER varied by locality (Figure 7a ). The pb2 4MP+ localities showed increased PER response in the presence of the odorant, while the 2 pb2 4MP− localities did not. Additionally, we measured PER in a pb2 4MP+ (San Quintin) and a pb2 4MP− (La Paz) locality in the presence of phenol. Phenol also elicits a response from the pb2B neuron, but unlike 4-methylphenol no marked difference in response to phenol was observed across localities. An increase in PER response was observed in the presence of phenol regardless of the locality's 4MP + or 4MP − designation (Figure 7b ). These results are consistent with the ORNs mediating taste enhancement and with odorant specific differences in pb2 responses contributing to the observed difference in PER.
In summary, our behavioral studies in D. mojavensis reveal that the influence of 4-methylphenol is dependent on the concentration and context in which the odorant is presented. No clear association was found between olfactory behavior/oviposition preference and electrophysiological responses of the maxillary palp. However, differences in electrophysiological responses among localities were associated with differences in feeding behavior.
Discussion
Host cactus availability varies across the geographic ranges of the D. mojavensis populations. We hypothesized that localities within populations would differ in their neurophysiological responses with differences in host cactus composition. In the case of pb1 and pb3 sensilla, our examination of geographic variation in D. mojavensis maxillary palp ORN responses to odorants revealed that the response profiles were generally conserved regardless of locality. These results align with studies examining the evolution of odor coding across Drosophila species. Across the D. melanogaster subgroup, highly similar ORN responses were in general observed for the 3 large antennal basiconic sensilla (Stensmyr et al. 2003) . In addition, in a study of the subgenus Sophophora, de Bruyne et al. (2010) found that odor coding is conserved across several antennal and maxillary palp ORNs, such as pb1A.
On the other hand, the response profile of pb2 sensilla differed among D. mojavensis localities within the Baja and Sonora populations, specifically the pb2B neuron to 4-methylphenol. These differences in the tuning of pb2B do not appear to be restricted to a given population (e.g., Baja or Sonora) nor to geographic latitude (e.g., Punta Prieta and Punta Onah). Other drosophilids that specialize on different food resources have been shown to differ in their olfactory systems with differences, for example, in ORN sensitivity (Dekker et al. 2006; Linz et al. 2013 ). Both Drosophila sechellia and Drosophila simulans exhibit increased sensitivity to methyl hexanoate relative to D. melanogaster and it was hypothesized to occur from an amino acid substitution(s) in the binding region of the OR (Stensmyr et al. 2003; Dekker et al. 2006) . Moreover, in D. melanogaster within population differences in odor-guided behavior were associated with variation in both the coding and noncoding regions of select OR genes (Rollmann et al. 2010; Richgels and Rollmann 2012) .
Variation in pb2b responses appear to be specific to 4-methylphenol, with little to no change in neuronal responses to odorants, such as phenol. This odor-specific difference in pb2B response is likely caused by a difference in the amino acid sequence of its OR. Such amino acid sequence differences have been shown to influence OSN responses across species. For example, Prieto-Godino et al. (2017) revealed that a single mutation (T523S) in the ionotropic receptor, IR75b, in D. sechellia confers a difference in sensitivity to hexanoic acid relative to D. melanogaster. In the case of D. mojavensis, we hypothesize that a protein coding change(s) in odorant receptor OR46a confers differences in sensitivity to 4-methylphenol. We suppose OR46a because of comparison to D. melanogaster, in which the pb2B neuron expresses OR46a and is responsive to both phenol and 4-methylphenol (de Bruyne et al. 1999; Dweck et al. 2016) . Moreover, Ray et al. (2014) identified regions in the N-terminal half of OR46a that are important in phenolic detection.
Interestingly, the presence/absence of responses to 4-methylphenol within D. mojavensis populations appears at least superficially to overlap the presence/absence of barrel cactus (F. cylindraceus). In parts of Baja and Sonora where barrel cactus is present (according to plant distributions described in Turner et al. 2005) , the pb2B neuron responded to 4-methylphenol, with the potential exception of the Punta Prieta locality in Baja. In the Sonora population, there was no response by pb2B to 4-methylphenol by the Tiburon Island and El Fuerte localities and barrel cactus has not been reported in either of these locations (Turner et al. 2005) . Studies on a finer geographic scale (and other factors) will be needed to discern the importance of host plant availability on maxillary palp ORN tuning. Odor-induced taste behavior for Drosophila mojavensis localities. Percent proboscis extension is shown in response to varying concentrations of sucrose with and without the presence of (a) 4-methylphenol and (b) phenol. The "+" symbol indicates a locality with a pb2 4MP+ response, remaining localities are pb2 4MP− .Statistically significant differences are denoted as follows: *P < 0.05; **P < 0.01, ***P < 0.001.
The odorant 4-methylphenol is found in the volatile headspace of fermenting cacti. Volatile profiles vary by cactus species, by duration/ degree of fermentation, and by the microbial community present during this process (Date et al. 2013; Wright and Setzer 2014; Date et al. 2017) . In laboratory-controlled experiments in which cactus tissue was fermented with a mixture of yeast and bacteria (each reported to be present during cactus fermentation in nature; Fogleman and Starmer 1985; Starmer and Fogleman 1986; Alcorn et al. 1991; Phaff et al. 1997; Etges et al. 2010 ), 4-methylphenol was identified in the headspace of barrel cacti (Date et al. 2013) . In experiments inoculating cactus tissue with single yeast and bacterial species from the previous mixture, Date et al. (2017) identified 4-methylphenol selectively during the fermentation of barrel and organ pipe cactus. For instance, 4-methylphenol was only detected when organ pipe cactus was inoculated with Starmera amethionina and Sporopachydermia cereana. The odorant was identified in fermenting barrel cactus inoculated with these 2 yeasts and Diapodascus starmeri. Starmera amethionina has been frequently isolated from agria cactus, but rarely from organ pipe cactus (Fogleman et al. 1981; Fogleman and Starmer 1985; Starmer and Fogleman 1986) . Within the range of our study system, S. cereana has a more sporadic distribution, in that it has been collected a few times in Arizona and only one isolate has been found in Baja California (Lachance et al. 2001; Kurtzman et al. 2011) . Diapodascus starmeri has been found throughout the range of our study system in organ pipe and agria rots; however, its presence has not yet been examined in barrel cactus (Phaff et al. 1997) . Finally, work examining the headspace of organ pipe cactus rots collected from the field and sampled in the laboratory found 4-methylphenol as a primary constituent late in fermentation (Wright and Setzer 2014) . Flies are most attracted to early stages in the fermentation process (Downing 1985) . In short, multiple studies have identified 4-methylphenol as a host plant volatile and the work-to-date highlights the complex interaction between the microbial community and plant substrate and its importance to insect host plant identification and discrimination.
In addition to being found in rotting cactus 4-methylphenol has also been found in human sweat as well as animal urine and feces (Bursell et al. 1988; Den Otter 1991; Cork 1996; Cosse and Baker 1996; Baldacchino et al. 2014; Stavert et al. 2014; Isberg et al. 2016; Mansourian et al. 2016) . The odorant has also been shown to be detected by the peripheral olfactory system of multiple insect species (Bursell et al. 1988; Den Otter 1991; Birkett et al. 2004; Qiu et al. 2006; Baldacchino et al. 2014) . Moreover, this compound has been shown to mediate behavior in multiple insect species, with variable effects that depend on its concentration and context Den Otter 1991; Afify and Galizia 2014; Isberg et al. 2016) . For example, in the biting midge, Culicoides nubeculosus, 4-methylphenol elicited electroantennogram responses and behavior that varied with concentration (Isberg et al. 2016) . Additionally, aversion to 4-methylphenol was found for 2 D. mojavensis populations (Santa Catalina Island and OPNM), and also in D. melanogaster when it was given a choice among 15 compounds (Wright and Setzer 2014) . In a more recent study, however, D. melanogaster showed an oviposition preference for food that contained 4-methylphenol (Mansourian et al. 2016) . Here, we also found an oviposition preference at low concentrations of the odorant and a marked aversion at high concentrations even when paired with an attractive odor source. In mosquitoes, it elicits a broad array of behavioral responses depending on its concentration and the mosquito species tested (Afify and Galizia 2014) . The odorant also served as an effective attractant of tabanid flies (Krčmar 2007) . Thus, the odorant appears to play an important role in odor-guided behavior in many insect species.
The maxillary palp has been implicated in behaviors that mediate feeding, olfactory guidance, and oviposition (Shiraiwa 2008; Dweck et al. 2013 Dweck et al. , 2015 Dweck et al. , 2016 Mansourian et al. 2016; Brown et al. 2017) . In this study, the extent to which differences in electrophysiological responses to 4-methylphenol are associated with differences in behavior depended on the behavior we tested. With regard to both olfactory behavior and oviposition preference, D. mojavensis generally exhibited aversion at high odorant concentrations. These responses were not clearly associated with pb2 4MP+/− differences and therefore they most likely reflect the presence of an additional antennal ORN responsive to 4-methylphenol. This notion is supported by our electroantennogram recordings, as well as previous work identifying antennal ORN responses to 4-methylphenol in D. melanogaster (de Bruyne et al. 2001; Hallem et al. 2004) . Aversive responses of all localities, regardless of pb2B response, would be in line with the odorant having a more general function in the identification of an appropriate fermentation stage for feeding and breeding. With regard to feeding behavior, the pb2 4MP+/− electrophysiological difference among D. mojavensis localities was associated with a difference in PER to sucrose in the presence of 4-methylphenol. Consistent with this observation, Shiraiwa (2008) found that D. melanogaster exhibited increased PER to sucrose in the presence of 4-methylphenol for antennaless flies, but no change with ablation of both sensory organs-thereby suggesting a role for the maxillary palp in odorinduced feeding behavior.
Overall, this study elucidates the role of 4-methylphenol, a component of fermenting host cacti, in within-population differences in electrophysiological responses and its association with differences in odor-mediated behaviors. Our study represents a step in linking peripheral detection to differences in odor-guided behaviors. This work primes future studies examining insect neurophysiology and behavior at a finer geographic scale to further investigate the importance of host plant availability on ORN tuning. Additionally, this study sets the stage for future work examining OR gene sequence variation and the functional genetic changes underlying variation in responses contributing to host discrimination.
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